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ABSTRACT 13 
The present article assesses the environmental profile of a real-scale anaerobic-digestion 14 
plant that has been developed in France. The system utilises 13652 t of different types 15 
of feedstock related to food industry, agriculture, etc. The study is based on Life Cycle 16 
Assessment (LCA) according to Global Warming Potential (GWP), Cumulative Energy 17 
Demand (CED), ReCiPe midpoint/endpoint and USEtox. The life-cycle inventory 18 
includes real data from various sources of waste as well as the transportation distances. 19 
By considering the impact of both anaerobic digestion and transportation for the whole 20 
system, the following findings have been found: 6430 t CO2.eq (GWP 100a); 67194 21 
GJprim (CED); 231100 Pts (ReCiPe endpoint single-score: Human health), 146932 Pts 22 
(ReCiPe endpoint single-score: Ecosystems), 171568 Pts (ReCiPe endpoint single-23 
score: Resources). Furthermore, USEtox results, for the whole system and by taking 24 
into account both anaerobic digestion and transportation, show that based on: 1) Human 25 
toxicity/cancer, anaerobic-digestion phase has around 21 times higher value comparing 26 
to transportation, 2) Ecotoxicity, anaerobic-digestion phase presents about 77 times 27 
higher value than transportation. Regarding the impact of both phases (anaerobic 28 
digestion; transportation) per t of waste or per MWh of electricity, the findings show 29 
values of 0.5-0.6 t CO2.eq per t of feedstock (or digestate) or per MWh of electricity 30 
produced (not net). A separate subsection with comparisons of the present findings with 31 
literature studies about LCA of anaerobic-digestion plants has been included. In general, 32 
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 2 
a good agreement has been observed. Moreover, comparisons of the impact of the 33 
electricity produced by means of the present biogas system with the impact of 34 
conventional electricity mixes of several countries are presented and discussed, proving 35 
the environmental benefits of the proposed anaerobic-digestion plant. 36 
Keywords: Biogas production, Anaerobic digestion; Waste management; Life Cycle 37 
Assessment (LCA); Global Warming Potential (GWP); Cumulative Energy Demand 38 




1. INTRODUCTION 42 
By taking into account that nowadays there are many environmental concerns 43 
(global warming, fossil-fuel depletion, etc.) there is a rising interest in energy 44 
production by means of renewable energy sources and environmentally-friendly 45 
technologies such as biogas production by means of Anaerobic Digestion (AD). In the 46 
frame of AD systems, different types of feedstocks (energy crops, manure, by-products 47 
from agro-industry, etc.) can be utilised. In order to evaluate the environmental impacts 48 
that are related to the production of biogas by means of AD, Life Cycle Assessment 49 
(LCA) has been widely adopted, offering useful information about the environmental 50 
profile of these types of systems (Bacenetti et al., 2016). In the following paragraphs, 51 
selected studies about LCA of AD plants are presented. The investigations have been 52 
categorised by the type of waste.  53 
Cremiato et al. (2018), Tagliaferri et al. (2016), Di Maria and Micale (2015), 54 
Evangelisti et al. (2014), Gunamantha and Sarto (2012), Zhao et al. (2009), Cherubini et 55 
al. (2009), Chaya and Gheewala (2007) and Özeler et al. (2006) conducted LCA about 56 
                                                 
1
 ABBREVIATIONS: AD: Anaerobic digestion; CED: Cumulative energy demand; CHP: Combined heat and power; CML: CML 
method; CO2.eq: CO2.equivalent; CTUe: Comparative toxic unit for ecosystems; CTUh: Comparative toxic unit for humans; DALY: 
Disability-adjusted life years; Eco-indicator: Eco-indicator method; EDIP: EDIP method; GHG: Greenhouse gas; GJprim: GJprimary; 
GWP: Global warming potential; ILCD: ILCD method; IPCC: Intergovernmental panel on climate change; IPCC 2013: IPCC 2013 
method; LCA: Life cycle assessment; MSW: Municipal solid waste; Pts: Points; ReCiPe: ReCiPe method; USEtox: USEtox 
method; (species.yr): Loss of species over a certain area (during a certain time); TRACI: TRACI method; VENOM: A programme 
about «valorisation energétique de la biomasse par production de méthane» 
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AD plants that utilise Municipal Solid Waste (MSW). Various waste-management 57 
options (AD, landfilling, composting, incineration, etc.) were evaluated (from an 58 
environmental perspective). Impact categories such as Global Warming Potential 59 
(GWP), Acidification potential, Ozone layer depletion and Eutrophication potential 60 
were examined. Methods such as CML, Eco-indicator 95, EDIP and Cumulative Energy 61 
Demand (CED) were adopted. With respect to the locations of the AD plants, the 62 
studies mentioned above refer to several countries: UK, China, Italy, Thailand, Turkey 63 
and Indonesia.   64 
Ruiz et al. (2018), Jin et al. (2015), Bernstad Saraiva Schott and Andersson 65 
(2015), Vandermeersch et al. (2014), Righi et al. (2013), Khoo et al. (2010), presented 66 
LCA studies about AD plants that utilise food waste. Different environmental 67 
indicators/methods (GWP, EDIP, CML, ILCD, CED, ReCiPe) were examined. In 68 
certain cases, the option of AD was compared with other waste-management 69 
technologies/scenarios. The references cited above refer to the following countries: 70 
Spain, China, Sweden, Belgium, Italy and Singapore.      71 
Moreover, Li et al. (2018a), Ruiz et al. (2018), Ramírez-Arpide et al. (2018), 72 
Burg et al. (2018), Budde et al. (2016), Fusi et al. (2016), Hahn et al. (2015), Bacenetti 73 
and Fiala (2015), Whiting and Azapagic (2014), Bacenetti et al. (2013), De Vries et al. 74 
(2012) and Ishikawa et al. (2006) conducted research about LCA on AD plants that use 75 
livestock manure as feedstock. Environmental issues based on multiple environmental 76 
indicators/methods such as GWP, CED, ReCiPe, ILCD, TRACI and CML were studied. 77 
The following countries were examined: Spain, UK, Switzerland, Japan, Mexico, 78 
Germany, Italy, China and Netherlands.  79 
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In subsection 3.2.1 of the article (literature review), additional LCA studies 80 
about AD plants that utilise various types of feedstocks (grass, energy crops, 81 
microalgae, etc.) are presented.  82 
Based on review articles about LCA of AD/biogas production (Hijazi et al., 83 
2016; Bacenetti et al., 2016; Paolini et al., 2018; Li et al., 2018b) as well as based on the 84 
references cited above, it can be seen that:  85 
1) Most of the investigations examine environmental issues such as GWP, CED, 86 
acidification potential, eutrophication potential and ozone layer depletion. 87 
2) There are few studies which evaluate human toxicity and ecotoxicity. 88 
In light of the issues mentioned above, the present article presents an LCA study 89 
about the environmental profile of an AD plant. The plant is real-scale, utilises several 90 
types of wastes and it has been developed in Corsica, in France. The LCA includes 91 
multiple environmental indicators/methods: the commonly used GWP and CED but also 92 
the midpoint/endpoint approaches of ReCiPe and issues about toxicity according to 93 
USEtox. Comparisons of the impact of the present biogas system with literature 94 
findings about AD plants as well as comparisons with conventional electricity 95 
generation systems are also provided. The goals of the present study are following 96 
presented: 97 
- Evaluation of the environmental profile of a real-scale AD plant based on multiple 98 
methods and environmental indicators (including USEtox human toxicity and 99 
ecotoxicity, ReCiPe midpoint and endpoint approaches, etc.). 100 
- Investigation of the animal-waste contribution in each impact category. The 101 
participation of each type of animal waste (cattle, sheep and poultry) is discussed.    102 
- Comparisons with literature: Certain environmental indicators are compared with 103 
findings from literature. 104 
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- Assessment of the impact of the proposed AD system based on different functional 105 
units: Whole system; 1 t of feedstock; 1 t of digestate; 1 MWh of electricity produced.   106 
 The contribution of the present article to the existing literature and the novelty of 107 
the investigation are related to the fact that the present LCA study: 108 
- Is based on multiple methods/environmental indicators, including USEtox human 109 
toxicity/ecotoxicity, midpoint/endpoint approaches, etc., whereas most of the literature 110 
references present commonly studied issues such as CO2 emissions and CED. An LCA 111 
model based on numerous environmental indicators offers a complete picture about the 112 
environmental profile of an AD/biogas plant. 113 
- Refers to a real-scale AD plant in Corsica, in France. In literature, there are few LCA 114 
studies about real-scale AD plants in France and there is a lack of LCA investigations 115 
about the specific case of AD plants in Corsica. Given the fact that Corsica is an island, 116 
waste management and production of electricity based on renewable energy sources 117 
play a pivotal role.  118 
- Includes findings based on multiple functional units and, in this way, a complete 119 
picture about the environmental performance of the AD system studied is provided.  120 
2. MATERIALS AND METHODS 121 
The LCA study has been conducted according to ISO 14040 (2006), ISO 14044 122 
(2006), by considering: 1) Goal and scope definition, 2) Life-cycle inventory, 3) Life-123 
cycle impact assessment, 4) Interpretation. 124 
2.1. Functional units, boundaries, explanations about the LCA  125 
Regarding the functional units, certain results are presented for the whole 126 
system. In subsection 2.2 details about the system are presented. In addition, in certain 127 
cases, the results are presented per: 1) t of feedstock, 2) t of digestate, 3) MWh of 128 
 6 
electricity produced. Multiple functional units have been adopted in order to present the 129 
environmental profile of the system from different points of view.  130 
The phases of the life-cycle that have been taken into account are the following: 131 
1) Transportation of the waste from the generation site to the location of the anaerobic 132 
digesters, 2) The process of AD. The phases related to the pre-treatment of the waste 133 
before AD as well as the phases associated with the treatments of the waste after the 134 
process of AD have not been taken into account because the energy necessary for these 135 
stages is covered by the energy produced by the system.      136 
2.2. Technical characteristics of the AD plant 137 
The proposed AD system is a real-scale plant that has been developed in 138 
Corsica, in France. The AD plant includes production of biogas, cogeneration and 139 
utilises different types of waste: waste from agri-food industry, organic waste from 140 
agriculture (animal manure, etc.), household food waste and used cooking oil. The 141 
process of AD produces biogas and the system generates 600 kW of electricity (gross) 142 
which covers the needs of a small city in Corsica. In addition to this, there is production 143 
of 570 kW heat (gross). The thermal energy is utilised for drying of alfalfa (during 144 
winter months) and wood chips (during warm months). A part of the energy produced 145 
by the AD plant is used to cover the needs of the system during operational phase (for 146 
instance, waste pre-treatment, hygienisation and heat for the process of AD).  147 
Additional information about the technical characteristics of the system is 148 
following presented:  149 
- There are two anaerobic digesters (temperature: mesophilic mode (37
o
C); operating 150 
hours: 8147 hours per year; volume: 2000 m
3
 each digester). 151 
- The AD plant produces 11484 MWh of electricity/year (net: 4658 MWh/year) and the 152 
electricity is injected into the electricity network of EDF (Electricité de France). 153 
 7 
- The thermal energy production is 4312 MWh/year (disposable: 3877 MWh/year). 154 
- There is a biogas production of 1735299 Nm
3
/year.  155 
The information about the system mentioned above is based on the study that 156 
has been carried out during the sizing of the AD unit. The study mentioned above has 157 
been conducted by a design office in collaboration with the «Chambre d’Agriculture de 158 
Haute-Corse» and the programme VENOM (valorisation energétique de la biomasse par 159 
production de méthane). Information has been taken from the feasibility investigation 160 
that has been done in June 2017. 161 
An experimental protocol that allows the treatment of substrates on two-level 162 
scale based on batch and pilot reactors has been defined. One of the key points of the 163 
AD study is related to the characterisation of the digestion profile of the lignocellulosic 164 
substrates. As a first step, the time needed to reach the 75% of the maximum biogas 165 
potential of the manure has been identified. The experiments have been conducted until 166 
the total depletion of biogas production of the substrate. Conditioning of the substrate, 167 
chemical characterisation, analysis of the methanogenic potential and modelling of the 168 
system have been done. 169 
After the process of AD, 6-month storage by means of 2 storage tanks (of 2000 170 
m
3
) for the liquid part and composting for the solid part have been planned. In terms of 171 
the quantities of the waste, on an annual basis, the input (before AD process) includes 172 
13652 t of feedstock and the output (after AD process) is 11512 t of digestate. In Figure 173 
1, a schematic of the real-scale AD plant, developed in France (Corsica), is illustrated. 174 
At this point it should be clarified that the data given above are based on the real AD 175 
system that is presented in Figure 1.         176 
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 177 
Figure 1. A schematic of the real-scale AD plant which has been developed in France 178 
(in Corsica). In Table 1, explanations about Sectors I-VII (feedstocks) are presented. 179 
       180 
2.3. Life-cycle inventory and other data  181 
For the calculation of the impact related to AD process and transportation (Table 182 
1), SimaPro 8 software (Source: SimaPro) and ecoinvent 3 database (Source: ecoinvent) 183 
have been used. In Table 1, details about the data (masses of each type of waste and 184 
transportation distances) are presented.  185 
Regarding the information of Table 1, it should be highlighted that it is based on 186 
a real-scale biogas plant that has been developed in Corsica (Figure 1). In the frame of 187 
the programme VENOM and based on a collaboration between the «Chambre 188 
d’Agriculture de Haute-Corse» and the laboratory «Sciences Pour l’Environnement, 189 
Unité Mixte de Recherche 6134 associée au CNRS», different aspects of the plant 190 
mentioned above have been evaluated. The aim of the project is to offer practical 191 
solutions to waste that is produced in Corsica. The waste quantities as well as the 192 
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distances of transportation are real data that have been collected from different sectors 193 
of Corsica: industry, agriculture, etc. The inputs have been classified by the type of 194 
waste (Sector I: waste from animals; Sector II: food industry (fruits, olives, etc.); Sector 195 
III: food industry (grape marc); Sector IV: food industry (whey); Sector V: recycling of 196 
used cooking oil; Sector VI: food industry (tallow); Sector VII: several types of 197 
biowaste). In each case, the calculation of the impact (AD process; transportation) has 198 
been conducted by using SimaPro 8 software and ecoinvent 3 database.  199 
Table 1. Sources and types of waste, masses of each type of waste, transportation 200 
distances: Data (on an annual basis) based on the real-scale AD plant that has been 201 
developed in France, in Corsica.   202 





Cattle fattening farm: Cattle manure 
1500 0 
SECTOR I 
Breeder 1: Sheep manure 
84 25 
SECTOR I 
Breeder 2: Sheep manure 
86 25 
SECTOR I 
Breeder 3: Sheep manure 
88 35 
SECTOR I 
Breeder 4: Sheep manure 
90 32.5 
SECTOR I 
Breeder 5: Sheep manure 
92 36 
SECTOR I 
Breeder 6: Sheep manure 
120 42 
SECTOR I 
Breeder 7: Sheep manure 
80 55 
SECTOR I 
Breeder 8: Sheep manure 
80 55 
SECTOR I 
Breeder 9: Sheep manure 
80 52.5 
SECTOR I 
Breeder 10: Sheep manure 
80 55 
SECTOR I 
Breeder 11: Sheep manure 
84 17.5 
SECTOR I 
Breeder 12: Sheep manure 
120 73.5 
SECTOR I 
Breeder 13: Sheep manure 
148 58.5 
SECTOR I 
Breeder 14: Sheep manure 
220 130 
SECTOR I 
Poultry company 1: Poultry droppings 
120 91 
SECTOR I 
Poultry company 2: Poultry droppings 
800 2700 
SECTOR I 
Poultry company 3: Poultry droppings 
800 1012.5 
SECTOR II 
Agriculture cooperative 1: Clementine 
120 122.5 
SECTOR II 
Agriculture cooperative 2: Clementine 
120 175 
SECTOR II 120 87.5 
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Agriculture cooperative 3: Clementine 
SECTOR II 
Agriculture company 1: Clementine 
140 48 
SECTOR II 
Agriculture company 2: Grapefruits 
300 805 
SECTOR III  
Company of winemakers 1: Grape marc 
1800 1200 
SECTOR III 
Company of winemakers 2: Grape marc 
1600 445 
SECTOR II 
Olive mill 1: Olive pomace 
275 360 
SECTOR II 
Olive mill 2: Olive pomace 
275 536 
SECTOR IV 
Cheese producer 1: Whey 
100 247.5 
SECTOR IV 






Delicatessen 1: Tallow 
170 1875 
SECTOR VI 
Delicatessen 2: Tallow 
170 1875 
SECTOR II 
Hypermarkets and supermarkets: Butchery 
156 0 
SECTOR II 
Hypermarkets and supermarkets: Bakery/Pastry  
45 0 
SECTOR II 
Hypermarkets and supermarkets: Creamery/Delicatessen 
173 0 
SECTOR II 
Hypermarkets and supermarkets: Fruits/Vegetables 
77 0 
SECTOR VII 
Hypermarkets and supermarkets: Biowaste 
500 0 
SECTOR VII 
Household-waste company: Mainly food waste 
500 1876 
SECTOR V 
Company for recycling of used cooking oil: Cooking oil 
350 600 
 203 
2.4. Life-cycle impact assessment methods 204 
The following methods (Sources: SimaPro; ecoinvent) have been adopted: 205 
1) IPCC 2013 GWP 100a V1.00 206 
2) Cumulative Energy Demand V1.08 / Cumulative energy demand 207 
3) ReCiPe Endpoint (H) V1.10 / Europe ReCiPe H/A (single-score)  208 
4) ReCiPe Endpoint (H) V1.10 / Europe ReCiPe H/A (with characterisation)  209 
5) ReCiPe Midpoint (H) V1.10 / Europe Recipe H (with characterisation) 210 
6) USEtox (default) V1.03 / Europe 2004 (with characterisation) 211 
Regarding the methods presented above (1-6), IPCC 2013 GWP 100a refers to 212 
the climate change factors of IPCC based on a time horizon of 100 years. CED includes 213 
characterisation factors for the energy resources (non-renewable and renewable). 214 
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ReCiPe involves midpoint and endpoint approaches, offering useful information for 215 
multiple impact categories related to human health, ecosystems and resources. USEtox 216 
refers to the characterisation of human and eco-toxicological impacts (PRé, 2014).  217 
 218 
3. RESULTS AND DISCUSSION 219 
3.1. RESULTS FOR THE WHOLE SYSTEM  220 
3.1.1. Results for the whole system based on GWP and CED 221 
In Figure 2 the findings according to GWP 100a (Figure 2a) and CED (Figure 222 
2b) are illustrated. From Figure 2 it can be noted that: 223 
1) By taking into account both AD and transportation, there is a total impact of 6430 t 224 
CO2.eq and 67194 GJprim. 225 
2) The process of AD presents a GWP that is 741 t CO2.eq higher than the one of 226 
transportation whereas transportation shows double CED in comparison to AD. 227 
It should be noted that a great part of the total GWP 100a (41%) and CED (50%) 228 
of the AD process is due to animal manures. More analytically, poultry droppings 229 
present the highest impact with a total score of 4662 GJprim and 671 t CO 2.eq. The 230 
animal waste with the second highest impact is sheep manure with the following results: 231 
3935 GJprim and 566 t CO2.eq. Cattle waste shows considerably lower scores:  2161 232 
GJprim and 238 t CO2.eq. In relation to the findings presented above, it should be 233 
highlighted that cattle manure is associated with one farm whereas poultry droppings 234 
and sheep manure are related to 3 poultry companies and 14 sheep breeders, 235 
respectively (Table 1).  236 
  237 
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Figure 2. Results for the whole system in terms of anaerobic digestion and 242 
transportation, based on: a) GWP 100a (in t CO2.eq), b) CED (in GJprim). 243 
 244 
3.1.2. Results for the whole system based on ReCiPe endpoint/single-score 245 
In Figure 3, the findings according to ReCiPe endpoint single-score are 246 
presented. From Figure 3 it can be seen that:  247 
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1) In terms of the categories of Human health and Ecosystems, the process of AD 248 
presents higher scores in comparison to transportation. More analytically, these 249 
differences are 8115 Pts and 25399 Pts, for Human health and Ecosystems, respectively. 250 
2) Concerning the category of Resources, the score of transportation is double than the 251 
one of AD.  252 
3) By taking into account the impact of both transportation and AD, the total scores are: 253 
231100 Pts for Human health, 146932 Pts for Ecosystems and 171568 Pts for 254 
Resources. 255 
With respect to the participation of the animal manures to the total impact of the 256 
process of AD, there is a contribution of 44%, 41% and 48% for the categories of 257 
Human health, Ecosystems and Resources, respectively. In Table 2, details about 258 
animal-waste impact are presented. It can be seen that poultry droppings show the 259 
highest score in all the endpoint categories (Human health, Ecosystems, Resources) 260 
presenting values which range from 10704 to 23131 Pts, depending on the impact 261 
category. Sheep manure is the animal waste with the second highest impact. Cattle 262 
manure presents considerably lower scores in comparison to the other two types of 263 
animal waste (poultry; sheep). More analytically, the differences between cattle manure 264 
and sheep/poultry waste range from 988 to 13299 Pts, depending on the case (Table 2).  265 
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 266 
Figure 3. Results for the whole system in terms of anaerobic digestion and 267 
transportation, based on ReCiPe endpoint single-score (in Pts). 268 
 269 
Table 2. Results for animal waste, based on ReCiPe endpoint single-score (in Pts). 270 
Type of animal waste Human health (Pts) Ecosystems (Pts)  Resources (Pts) 
Cattle manure 9832 6795 8048 
Sheep manure 19527 13078 9036 
Poultry droppings 23131 15492 10704 
 271 
 272 
3.1.3. Results for the whole system based on ReCiPe endpoint with characterisation  273 
In Table 3 the findings according to ReCiPe endpoint with characterisation are 274 
presented. In Table 3, Disability-Adjusted Life Years (DALY) scores include the 275 
following impact categories: Climate change/human health, Ozone depletion, Human 276 
toxicity, Photochemical oxidant formation, Particulate matter formation and Ionising 277 
radiation. Moreover, in Table 3, (species.yr) values include the impact categories of 278 
Climate change/ecosystems, Terrestrial acidification, Freshwater eutrophication, 279 
Terrestrial ecotoxicity, Freshwater ecotoxicity, Marine ecotoxicity, Agricultural land 280 
occupation, Urban land occupation and Natural land transformation. From Table 3 it can 281 
be noted that in both cases (DALY and (species.yr)) the process of AD presents higher 282 
impacts in comparison to transportation; however, these differences are not pronounced.  283 
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Regarding the contribution of the animal manures to the total AD impact, 284 
according to DALY the animal waste shows percentages that vary from 39% to 66% 285 
and according to (species.yr) these percentages range from 33% to 53%, depending on 286 
the impact category. More analytically, poultry droppings present the highest total 287 
DALY value (1.17 DALY). Sheep manure is responsible for the second highest total 288 
DALY score (0.99 DALY). On the other hand, cattle manure shows a total DALY 289 
impact that is almost half in comparison to the other two types of animal waste (sheep; 290 
poultry). With respect to (species.yr), poultry droppings and sheep manure are 291 
responsible for the first and second highest score: 0.007 and 0.006 (species.yr), 292 
respectively. Furthermore, cattle manure presents almost half total (species.yr) impact in 293 
comparison to sheep and poultry waste.  294 
Table 3. Results for the whole system, in terms of AD and transportation, based on 295 
ReCiPe endpoint with characterisation. 296 
 DALY (species.yr) 
AD 6.04 0.04 
Transportation 5.63 0.03 
  297 
In Figure 4, details about the impact in each ReCiPe endpoint category (with 298 
characterisation), are presented. From Figure 4, it can be noted that: 299 
1) In 11 of the 15 impact categories, the phase of AD shows higher values in 300 
comparison to transportation. More analytically, these categories are related to damage 301 
to human health and ecosystems.  302 
2) For the categories of Ozone depletion, Photochemical oxidant formation, Particulate 303 
matter formation and Urban land occupation, transportation presents higher scores 304 
comparing to AD.  305 
3) Regarding Climate change/human health, the process of AD presents 0.69 DALY 306 
higher impact than transportation. Concerning the category of Particulate matter 307 
formation, transportation shows 0.28 DALY higher score in comparison to AD.      308 
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 309 
Figure 4. Results for the whole system in terms of anaerobic digestion and 310 
transportation, based on ReCiPe endpoint with characterisation. The results are 311 
presented in DALY or (species.yr), depending on the impact category (at the beginning 312 
of subsection 3.1.3 definitions are provided). Explanations about the symbols that are 313 
included in the graph: AD = Anaerobic Digestion; TR = Transportation; CCHH = 314 
Climate Change Human Health; OD = Ozone Depletion; HT = Human Toxicity; POF = 315 
Photochemical Oxidant Formation; PMF = Particulate Matter Formation; IR = Ionising 316 
Radiation; CCE = Climate Change Ecosystems; TA = Terrestrial Acidification; FEU = 317 
Freshwater Eutrophication; TE = Terrestrial Ecotoxicity; FEC = Freshwater 318 
Ecotoxicity; ME = Marine Ecotoxicity; ALO = Agricultural Land Occupation; ULO = 319 
Urban Land Occupation; NLT = Natural Land Transformation.      320 
 321 
3.1.4. Results for the whole system based on ReCiPe midpoint with characterisation  322 
 In Figure 5, the findings according to ReCiPe midpoint with characterisation are 323 
presented. From Figure 5 it can be seen that: 324 
1) In 11 out of the 18 impact categories, the process of AD presents higher impacts in 325 
comparison to transportation. More analytically, most of these 11 categories are 326 
associated with damage to human health and ecosystems.  327 
2) For the categories of Ozone depletion, Photochemical oxidant formation, Particulate 328 
matter formation, Urban land occupation, Natural land transformation, Water depletion 329 
and Fossil depletion, the phase of transportation has higher scores than AD.  330 
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3) In the case of Climate change, Agricultural land occupation and Metal depletion, AD 331 
shows 490228 kg CO2.eq, 639018 m
2
a and 80940 kg Fe eq higher impact in comparison 332 
to transportation. Furthermore, for the categories of Urban land occupation, Water 333 




 and 334 
552827 kg oil eq higher scores than AD.        335 
 Concerning the participation of animal waste to the total impact of AD, it should 336 
be highlighted that in most of the midpoint impact categories the animal manures show 337 
percentages which range from 33% to 66%. In Table 4, information about the animal 338 
waste with the highest score in each midpoint category is presented. From Table 4 it can 339 
be seen that, cattle manure presents the highest impact in 7 out of the 18 categories. 340 
Poultry droppings show the highest values in 11 out of the 18 categories. By taking into 341 
account that ReCiPe method has connections between midpoint and endpoint categories 342 
(PRé, 2014), it can be noted that most of the midpoint categories cited above in the 343 
analysis of cattle-waste impact, at endpoint level are related to damage to ecosystems. 344 
Furthermore, most of the midpoint categories which are associated with poultry-waste 345 
impact are responsible for damage to human health.  346 
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 347 
Figure 5. Results for the whole system in terms of anaerobic digestion and 348 
transportation, based on ReCiPe midpoint with characterisation. The results are 349 
presented in different units, depending on the impact category (in Table 4, details about 350 
the units can be found). Explanations about the symbols that are included in the graph: 351 
AD = Anaerobic Digestion; TR = Transportation; CC = Climate Change; OD = Ozone 352 
Depletion; TA = Terrestrial Acidification; FEU = Freshwater Eutrophication; ME = 353 
Marine Eutrophication; HT = Human Toxicity; POF = Photochemical Oxidant 354 
Formation; PMF = Particulate Matter Formation; TE = Terrestrial Ecotoxicity; FEC = 355 
Freshwater Ecotoxicity; ME = Marine Ecotoxicity; IR = Ionising Radiation; ALO = 356 
Agricultural Land Occupation; ULO = Urban Land Occupation; NLT = Natural Land 357 
Transformation; WD = Water Depletion; MD = Metal Depletion; FD = Fossil 358 
Depletion.      359 
 360 
Table 4. The results for animal waste, based on ReCiPe midpoint with characterisation: 361 











Impact of  
poultry 
droppings 
Climate change kg CO2 eq   X 
Ozone depletion kg CFC-11 eq   X 
Terrestrial 
acidification 
kg SO2 eq   X 
Freshwater 
eutrophication 
kg P eq X   
Marine 
eutrophication 
kg N eq X   












kg 1,4-DB eq   X 
Freshwater 
ecotoxicity 
kg 1,4-DB eq X   
Marine 
ecotoxicity 
kg 1,4-DB eq X   
Ionising 
radiation 
kBq U235 eq   X 
Agricultural 
land occupation 
m2a   X 
Urban land 
occupation 
m2a X   
Natural land 
transformation 
m2   X 
Water depletion m3   X 
Metal depletion kg Fe eq X   
Fossil depletion kg oil eq   X 
 363 
3.1.5. Results for the whole system based on USEtox 364 
 In Figure 6, USEtox findings in terms of Human toxicity (Figure 6a) and 365 
Ecotoxicity (Figure 6b) are illustrated. From Figure 6 it can be noted that: 366 
1) In all the cases, the phase of AD shows higher impacts in comparison to 367 
transportation and, more analytically, for Human toxicity/cancer and Ecotoxicity the 368 
differences between the two phases (AD; transportation) are pronounced.  369 
2) Concerning Human toxicity/cancer, the process of AD presents around 21 times 370 
higher score than transportation.  371 
3) With respect to Ecotoxicity, AD shows about 77 times higher impact in comparison 372 
to transportation.     373 
 Regarding the participation of the animal manures to the total score of AD, 374 
according to USEtox, the following percentages have been found: 41% for Human 375 
toxicity/cancer, 34% for Human toxicity/non-cancer, 32% for Ecotoxicity. By focusing 376 
on animal-waste scores per category it can be seen that: 1) cattle manure shows the 377 
highest impact in terms of Human health/cancer, 2) poultry droppings are responsible 378 
for the highest impact with respect to Human health/non-cancer and ecotoxicity.      379 






Figure 6. Results for the whole system in terms of anaerobic digestion and 385 
transportation, based on USEtox (a: Human toxicity in CTUh; b: Ecotoxicity in CTUe). 386 
 387 
3.1.6. Discussion about the results presented in subsections 3.1.1-3.1.5 388 
The sources of data (SimaPro; ecoinvent) show that in the case of manure and 389 
biowaste treatment by means of AD, the main part of the impact is associated with 390 
digester sludge and transportation. Moreover, based on the results of the present study, 391 
it can be seen that the impact of each phase (AD; transportation) depends on the 392 
method, the adopted approach and the impact category.     393 
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As it has been discussed in subsections 3.1.1.-3.1.5, the participation of the 394 
animal manures to the total impact of AD shows high percentages. Certainly, this is 395 
related to the fact that the animal waste is around 34% of the total mass of the feedstock. 396 
In Table 5, an overview about animal-waste impact is presented. It can be noted that 397 
poultry droppings show the highest impact in 10 out of the 11 cases studied. 398 
Furthermore, cattle waste and sheep manure are responsible for the highest score in 399 
terms of USEtox/human toxicity cancer and ReCiPe endpoint with 400 
characterisation/DALY, respectively. 401 
Table 5. The impact of the animal waste based on all the cases which have been 402 









  X 
CED 
 
  X 
ReCiPe endpoint single-score: Human health 
 
  X 
ReCiPe endpoint single-score: Ecosystems 
 
  X 
ReCiPe endpoint single-score: Resources 
 
  X 
ReCiPe endpoint with characterisation: DALY  
 
  X 
ReCiPe endpoint with characterisation: (species.yr) 
 
  X 
ReCiPe midpoint with characterisation   X  
(Table 4: poultry droppings 
show the highest impact in 11 
out of the 18 midpoint 
categories) 
USEtox: Human toxicity/cancer 
 
X   
USEtox: Human toxicity/non-cancer 
 
  X 
USEtox: Ecotoxicity   X 
 404 
3.2. LITERATURE REVIEW - COMPARISONS OF THE PRESENT FINDINGS 405 
WITH LITERATURE – FUTURE PROSPECTS   406 
3.2.1. Literature review  407 
 In Table 6, selected references which examine the environmental profile of AD 408 
plants are presented. From Table 6 it can be seen that: 409 
1) With respect to the boundaries, there are substantial differences: including (or not) 410 
pre-treatment, including (or not) post-treatment, etc. 411 
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2) Regarding functional unit, most of the investigations present results in terms of 1 t of 412 
waste, 1 MJ (or 1 kWh or 1 MWh) of energy produced as well as in terms of the total 413 
production of waste during a certain time period. 414 
3) In some cases, AD is combined with other waste-management options such as 415 
landfilling, incineration and composting.    416 
4) Concerning the adopted environmental indicators/methods, it can be noticed that 417 
most of the studies are based on GWP, CML, CED and energy inputs whereas there are 418 
few investigations which present findings based on ReCiPe, EDIP, ILCD, Ecological 419 
footprint, TRACI, Eco-indicator (95 or 99) and about dioxin emissions.  420 
5) The investigations include different types of waste (food waste, MSW, livestock 421 
manure, microalgae, etc.). 422 
6) The locations of the AD plants that have been reported in literature vary (Spain, 423 
France, China, Italy, Thailand, Australia, Sweden, Indonesia, Netherlands, etc.). 424 
7) The findings of literature verify the environmental benefits of the AD systems that 425 
have been studied. For instance, converting animal waste into biogas offers added value 426 
to animal manure as a resource of energy and, in addition to this, there is decrease in the 427 
environmental impacts. Certain studies focus on the advantages (from an environmental 428 
perspective) of the substitution of chemical fertilisers and non-renewable electricity by 429 
organic fertilisers and electricity produced by AD/biogas plants.   430 
8) Several studies (Table 6) are based on mesophilic conditions with temperatures 35-431 
40
o
C (for example, Cremiato et al., 2018). Moreover, some investigations evaluate the 432 
combination of thermal treatment with mesophilic conditions (for instance, Hospido et 433 
al. (2005): Urban wastewater, Spain). 434 
 In relation to point (8), a study about psychrophilic AD of fruit/vegetable waste 435 
verified that this waste-management option is feasible, from a technical point of view, 436 
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and allows the use of low-cost technologies without active heating and other treatments 437 
(Martí-Herrero et al., 2019).  438 
.      439 
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Management of 1 t 
of thickened 
mixed sludge (dry 
basis) 






pyrolysis were also 
examined 
 
AD combined with 
land application of 
pasty sludge offers 
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digested slurry as 
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From waste to: 1) 
landfilling or, 2) waste 
conversion into air 
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emissions to water, 3) 
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MSW that is 



















were evaluated; One 
of these scenarios 
included AD and 
landfilling 
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studied, AD 












The boundaries were 
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investigation: arrival of 
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environmental 
burdens of nuclear 
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radioactive waste) 
and not to focus 
only on the low CO2 
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Landfilling is not 
the best option 
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environmental point 
of view); Energy 
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collected by the 
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Scenario 6: Metals, 
glass, paper, plastics 
are recycled (30% 
rate), 50% of 
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is separated and 
collected in order to 
be treated by means 
of AD; Scenarios 
with incineration, 
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energy and bio-compost 
(bio-compost use has 
been taken into account); 
Electricity requirements: 


















revealed that the 
small-scale aerobic 
composting 
system that was 
studied is more 
environmentally 
friendly than the 
incinerators; 
however, it is less 








The raw sewage that 
arrives at the 
wastewater-treatment 
plant; all the discharges; 
system boundaries 
included first- and 
second-order processes 
Treatment of 10 
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domestic 
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transformation of algae 
1 MJ produced by 
means of  
combustion 
CML Different scenarios 













in an internal 
combustion engine 
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comparison with 











The boundaries vary, 
depending on the 
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scenarios includes: pig 
production, manure 
storage, AD, etc.  
1 t of substrate 
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digester 
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Cradle-to-grave: all the 
inputs of the life-cycle 
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acquisition (or 
generation by means of 
natural resources) were 
considered; all the 
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throughout the life-cycle 
were included 
 
1 t of fresh matter; 
1 kWh of 
electricity 
produced by 
means of a 
Combined Heat 





Full valorisation of 
net thermal energy; 
Alternative 
scenario: the 
electricity that is 
generated by means 
of biogas substitutes 
the electricity 
generated by using 
mainly carbon; 
Other scenarios 
were also examined 
 
In comparison to a 
fossil system that 
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transportation of the 
organic fraction of the 
MSW to the digester, 
operation of the digester 
and the CHP system, 
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matter (landfill)  
 
Management of 
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mixing ratio: 1000 
t of organic-
fraction MSW and 










including a scenario 





sludge and organic 
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small-scale plants in 
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composting (as 
















Scenario 1: Generation 
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(supermarkets), sorting 




1000 t of food 
waste 
ReCiPe Scenario 1: food 
waste, AD; Scenario 
2: a bread fraction 
was used to produce 
animal feed and a 
non-bread fraction 
was used for AD  
 
The high dry matter 
of the bread-waste 
considerably 
influenced the 
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of biogas;  cogeneration 
of electricity and heat: 
CHP; Storage 
and use of the digestate 
Cogeneration of 1 
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AD is generated 
onsite; Collection 
by trucks; Hopper 
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kind of feedstock, 
digestate storage 
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AD is the best 
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SO2 savings, when 
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scenario), etc. 
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food waste from 
households 
GWP AD vs. incineration AD environmental 
profile depends on 
factors such as the 
impact of: 1) the 
fossil fuels, 2) the 
chemical fertilisers 
that are replaced by 











and landfilling (or AD, 
composting, wastewater 
treatment and 
landfilling, depending on 
the scenario)   
 
1 t of organic 
waste generated in 
the area studied 
CML 
2001 
AD vs. incineration Based on the cases 
studied it was found 
that if incineration 
is not viable from 
an economic point 
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t/d; Pilot project; A 
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combines wet AD 





that an increase of 
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impact of heat 
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Electricity 
production by 
means of AD plants 
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footprint reduction 
ranging from -0.208 
to -1.07 kg 
CO2.eq/kWh, mainly 
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2001 
Five plants were 
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maize silage, slurry 
and tomato waste 
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cogeneration of 
electricity and heat 
 
The electricity 
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to be more 
environmentally 
friendly than the 
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studied presented 
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energy produced 
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ReCiPe One of the scenarios 
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on 49% of animal 
slurries, 32% energy 
crop (maize silage), 
19% bio-products; 
Another scenario: 
adoption of Arundo 
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Treatment of 1 t of 
dairy manure 
produced in the 
farm 
TRACI System 1: Liquid 
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System 2: Solid 
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stover); Other 
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processing, AD, open 
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and transportation  
to the AD plant, 
emissions from the plant 
itself, digestate storage 
 








(for example, in 
terms of the amount 
of manure that was 
treated by means of 
AD) were examined 
AD of manure 
offers multiple 
environmental 
benefits and, for this 
reason, it should be 
promoted 
 441 
3.2.2. Comparisons of the present findings with literature - Discussion 442 
 In Table 7, the findings of the present system are compared with literature. From 443 
Table 7 it can be seen that:  444 
1) In certain cases, there is quite good agreement between the findings of the present 445 
study and those of literature; however, it should be highlighted that a direct comparison 446 
is not possible due to differences in terms of the databases, the assumptions, the 447 
boundaries, etc. 448 
2) The system of the present study shows an impact of around 0.5-0.6 t CO2.eq per t of 449 
feedstock (or digestate) or per MWh of electricity produced (not net).  450 
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3) AD plants offer environmentally-friendly electricity production.  451 
In relation to point (3) a discussion is following presented: The proposed AD 452 
system shows an impact of 5.85 GJprim/MWh of electricity produced (not net) whereas 453 
several conventional electricity mixes present impacts more than 10 GJprim/MWh. Based 454 
on the report treeze (2014), some examples are following given: In terms of the level 455 
“electricity mix, at plant”, among the cases that were examined, the Greek electricity 456 
mix presented the highest CED per MWh of electricity produced (14.85 GJ-oil-457 
eq/MWh), followed by the electricity mix of India (13.61 GJ-oil-eq/MWh). Moreover, 458 
the Polish electricity showed 12.75 GJ-oil-eq/MWh and the Hungarian electricity 459 
presented 12.53 GJ-oil-eq/MWh. Certainly the high CED of the electricity mix of a 460 
country is associated with high penetration of lignite, hard coal or nuclear energy during 461 
electricity production. Furthermore, it should be noted that the French electricity 462 
showed the highest nuclear CED (10.21 GJ-oil-eq/MWh). In the report treeze (2014), it 463 
was mentioned that the CED-nuclear of the electricity mix of a country is high in 464 
countries with high percentages of nuclear energy in their electricity production. In 465 
Table 6 (Reference: ADEME, 2007; last column of Table 6), an additional discussion 466 
about the environmental profile of nuclear power plants is provided. On the other hand, 467 
among the cases that were studied (report treeze, 2014), the Icelandic electricity showed 468 
the lowest CED (3.89 GJ-oil-eq/MWh) followed by the Norwegian electricity (4.00 GJ-469 
oil-eq/MWh), Brazilian electricity (5.06 GJ-oil-eq/MWh), electricity utilised by the 470 
Swiss railways (6.39 GJ-oil-eq/MWh) and Tanzanian electricity (6.65 GJ-oil-eq/MWh). 471 
In the report treeze (2014), it was noted that the electricity-generation CED presents low 472 
values in countries with high penetration of hydro power in their electricity production. 473 
Moreover, the Icelandic electricity showed the highest renewable CED (3.81 GJ-oil-474 
eq/MWh) (Report treeze, 2014). 475 
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With respect to carbon-footprint savings by means of AD, an analytical 476 
discussion has been presented by Bacenetti and Fiala (2015). The LCA study mentioned 477 
above focused on the carbon footprint of the electricity generation from biogas based on 478 
five AD plants in Italy. Different plant sizes (ranging from 100 to 998 kW) and feeding 479 
rates (maize and pig slurry, only maize, etc.) were examined. The carbon-footprint 480 
savings for the electricity produced by means of the AD plants varied from -0.208 to -481 
1.07 kg CO2.eq/kWh. Bacenetti and Fiala (2015) highlighted that these savings are 482 
mainly associated with the substitution of the energy produced by fossil fuels. It was 483 
also noted that the electricity generated from biogas shows a high potential in terms of 484 
GHG mitigation. Moreover, it was mentioned that by means of the valorisation of the 485 
surplus heat as well as by reducing transportation distances, lower GHG emissions of 486 
the proposed bioenergy system can be achieved. Bacenetti and Fiala (2015) mentioned 487 
that the favourable carbon-footprint of biogas production is mainly associated with the 488 
credits obtained from replacing the electricity generated by fossil fuels. The biogas 489 
process does not sequestrate GHG but it generates electricity that replaces the current 490 
electricity mix that has high GHG emissions (Bacenetti and Fiala, 2015). Furthermore, 491 
in the report treeze (2014), among the cases that were examined, high GHG emissions 492 
(almost double in comparison to the present AD system in Corsica, in France) were 493 
found for the following countries: China (1.111 t CO2.eq/MWh), Estonia (1.058 t 494 
CO2.eq/MWh), Poland (1.053 t CO2.eq/MWh), Australia (1.032 t CO2.eq/MWh). It was 495 
noted that GHG emissions show high values in the case of countries with high 496 
percentages of hard coal and lignite in their electricity mixes (Report treeze, 2014).   497 
  498 
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Table 7. Results of the present study and comparisons with literature.  499 
Present study Literature: AD plants vs. electricity mixes of 
several countries 
GWP 100a:  
0.47 t CO2.eq/t of feedstock (taking into account 
both AD and transportation) 
Tagliaferri et al. (2016), MSW, AD: In certain 
cases, values of 0.5-0.6 t CO2.eq/t of waste were 
found 
GWP 100a:  
0.56 t CO2.eq/t of digestate (taking into account 
both AD and transportation) 
Tagliaferri et al. (2016), MSW, AD: In certain 
cases, values of 0.5-0.6 t CO2.eq/t of waste were 
found 
GWP 100a: 
0.56 t CO2.eq/MWh of electricity produced (not 
net) 
Bacenetti et al. (2016), review paper, different 
types of waste, AD: Several references presented 
values around 0.4-0.5 t CO2.eq/MWh 
Report treeze (2014), electricity mixes of certain 
countries: More than 0.6 t CO2.eq/MWh electricity 
(in subsection 3.2.2, examples are presented)  
CED: 
5.85 GJprim/MWh of electricity produced (not net) 
Bacenetti et al. (2013), pig slurry vs. maize silage, 
AD: In certain cases and without taking into 
account the credits for the electricity from biogas, 
the energy consumption presented 2.29-4.01 
GJfossil/MWh of produced electricity 
Report treeze (2014), electricity mixes of certain 
countries: More than 10 GJ-oil-eq/MWh 
electricity (in subsection 3.2.2, examples are 
presented) 
ReCiPe midpoint with characterisation, Terrestrial 
acidification:  
 
1.84 kg SO2 eq/t of feedstock (taking into account 
both AD and transportation) 
  
De Vries et al. (2012), pig manure, AD, Scenario 
«co-digestion of manure with wheat 
yeast concentrate», ReCiPe midpoint: 1.61 kg SO2 
eq per FU (FU: 1 t of substrate (fresh matter) 
added to the digester) 
Annual production: 127 Nm
3 
biogas/t of feedstock Whiting and Azapagic (2014), feedstock (half: 
manure; the rest: cheese whey, waste maize silage 
and fodder beet), AD: 145 Nm
3
 biogas/t of 
feedstock  
 500 
3.2.3. Future prospects: Calculation of the avoided impact  501 
 As a future prospect, the boundaries of the present LCA could be extended in 502 
order to include additional components and stages of the proposed AD plant. For 503 
example, the impact related to the storage of the digestate as well as the environmental 504 
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benefits associated with digestate composting and electricity production by using biogas 505 
could be taken into consideration.  506 
It is known that maintaining soils that are healthy and productive is of great 507 
importance. AD digestate is a nutrient-rich slurry that can be used as fertiliser. 508 
Moreover, there are devices which separate the digestate into solid and liquid. For 509 
example, the solid part can be heat-dried in order to produce fertiliser pellets. The 510 
application of digestate to soils offers advantages such as increase in organic matter, 511 
reduction in the use of chemical fertilisers and pesticides, improvement of plant growth, 512 
reduction in soil erosion and increase in water-retention-ability of the soil (Source: 513 
EPA). The issues mentioned above are environmental advantages that, as a broader 514 
prospect, could be taken into account as avoided environmental impacts in the frame of 515 
an LCA study. 516 
The environmental benefits from the use of AD digestate as fertiliser have been 517 
investigated, for instance by Ruiz et al. (2018). It was noted that there are avoided 518 
impacts due to the use of the digestate as fertiliser instead of using conventional 519 
fertilisers. Ruiz et al. (2018) found that the utilisation of the digestate from agri-food 520 
waste as a fertiliser improved the environmental profile of the AD system studied, 521 
especially in terms of human toxicity and freshwater ecotoxicity. 522 
Finally, the avoided impact due to the production of electricity by means of an 523 
eco-friendly waste-management technology (AD/biogas) is an additional environmental 524 
benefit that could be taken into account. In subsection 3.2.2 a discussion about this 525 
issue, in relation to conventional electricity-production systems of several countries, has 526 
been presented.  527 
4. CONCLUSIONS 528 
The present article is an environmental LCA of a real-scale AD plant that has 529 
been developed in South France. The system uses 13652 t of feedstock (animal manure 530 
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and other types of waste). The LCA has been conducted based on GWP, CED, ReCiPe 531 
midpoint/endpoint and USEtox. Different functional units have been adopted.   532 
By taking into account the impact of both AD and transportation, the following 533 
findings have been found: 6430 t CO2.eq (based on GWP 100a); 67194 GJprim (according 534 
to CED); 231100 Pts (in terms of ReCiPe endpoint single-score: Human health), 146932 535 
Pts (based on ReCiPe endpoint single-score: Ecosystems), 171568 Pts (according to 536 
ReCiPe endpoint single-score: Resources). With respect to USEtox method, the 537 
following results have been found: 1) Regarding Human toxicity/cancer, AD phase 538 
presents approximately 21 times higher impact in comparison to transportation, 2) In 539 
terms of Ecotoxicity, AD phase shows around 77 times higher score than transportation. 540 
By taking into account the impacts of both phases (AD; transportation), the results show 541 
the following values: 0.5-0.6 t CO2.eq per t of feedstock (or digestate) or per MWh of 542 
electricity produced (not net).  543 
Regarding the participation of the animal manures to the total AD scores, 544 
percentages more than 31%, depending on the method/impact category, have been 545 
found. Concerning GWP and CED, a major part of the total GWP 100a (41%) and the 546 
total CED (50%) of AD is due to the animal manures. It has been found that poultry 547 
droppings present the highest scores (671 t CO 2.eq; 4662 GJprim). The animal waste with 548 
the second highest impact is sheep manure whereas cattle waste presents remarkably 549 
lower values in comparison to the other two types of animal waste (poultry droppings; 550 
sheep manure).  551 
Finally, comparisons with literature are presented. In general, a good agreement 552 
has been observed. In addition, comparisons of the present findings (AD/biogas plant) 553 
with the impact of the electricity mixes of several countries have been included, proving 554 
the environmental advantages of the proposed AD system.    555 
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